Introduction
Yersinia enterocolitica is an emerging foodborne pathogen [1] that causes foodborne infections in humans [2, 3] . It is the third most common enteropathogen in Europe, as reported by European Food Safety Authority [4] . Foodborne diseases are the most common and rapidly growing public health problem worldwide. It has been estimated that onethird of the population suffers from a foodborne illness every year [5] . Yersiniosis is a foodborne infection that has become more prevalent in developed and developing countries. The US Centers for Disease Control and Prevention has reported that approximately 17% of Americans (48 million) are affected by food poisoning every year. Y. enterocolitica is isolated from 1% to 4% of all human cases of acute enteritis [6] in developed countries. Y. enterocolitica foodborne outbreaks have been reported in many countries, including Australia, Finland, Japan, Norway, India, and the United States [7] [8] [9] [10] [11] [12] [13] . Y. enterocolitica can be transmitted to humans by eating contaminated food or untreated water. Y. enterocolitica has been divided into more than 70 serotypes based on the O antigen [14] . Among them, only a few serotypes, such as O:3/4; O:5,27/2; O:8/1b; and O:9/2 have been associated with disease in humans [15] .
Y. enterocolitica possesses a number of virulence factors (VFs) that contribute to its pathogenesis and host immune evasion. The majority of pathogenic strains carry the Yersinia virulence plasmid (pYV) that encodes various virulence genes (ttcC, yadA, virF, ysa), whereas other pathogenic strains do not carry the pYV plasmid but produce a thermostable enterotoxin (ystA) [16, 17] . Virulent strains of Yersinia invade mammalian cells (HeLa cells) in tissue culture using invasive VFs, which are encoded by chromosomal loci [18] . Two chromosomal genes of Y. enterocolitica, inv (invasin) and ail (attachment invasion locus), which encode the phenotype for mammalian cell invasion, have been identified [19, 20] . The most important VFs are a type III secretion system (TTSS) and effectors known as Yersinia outer proteins (Yops) [21] , which permit survival and growth of Yersinia inside host cells. TTSSs facilitate delivery of effector proteins across the cell membrane into the host cells [22, 23] . These virulence effector proteins then modulate host cellular processes and promote disease development [24] . In addition, YadA protein (autotransporter adhesin A) plays an important role in complement resistance and immune evasion [25] . It has a specific adherence domain, which binds extracellular matrix components [26] and complement regulators [27] . However, the role of host cell death during in vivo infections [28] , virulence gene regulation [29] , and the mechanisms of pathogenicity are not well understood [25, 30] .
Recently, Y. enterocolitica foodborne outbreaks have become a major concern worldwide, which highlights the critical need for rapid, sensitive, and reliable methods for its control and treatment. Therefore, further morphologic, phenotypic, and genotypic analyses of Y. enterocolitica are required to prevent foodborne infections. In this study, Y. enterocolitica FORC_002 was isolated from the gill of flatfish (plaice) in South Korea, and its genome was sequenced and analyzed. The complete genome sequence was compared with those of Y. enterocolitica strains reported previously to understand the genomic properties and VFs involved in the pathogenesis of human infections with Y. enterocolitica FORC_002.
Materials and Methods

Sample Isolation and Growth Condition
The Y. enterocolitica FORC_002 strain was recovered from the gill of flatfish (plaice) collected in Gyeongsangbuk-do, South Korea. The FORC_002 strain was anaerobically cultivated at 30 o C with triple sugar iron medium or tryptic soy agar (BD Difco, USA). The analysis of morphological characteristics was determined using transmission electron microscopy with 2.0% uranyl acetate staining.
Genomic DNA Extraction and Identification
Genomic DNA was isolated using the MoBio UltraClean Microbial DNA Isolation Kit (MoBio, USA), according to the manufacturer's instructions. The extracted genomic DNA was confirmed by 1% agarose gel electrophoresis, and its concentration was quantified using a High Pure PCR Product Purification Kit (Roche, Germany).
The 16S rRNA gene was amplified from the extracted genomic DNA and sequenced for taxonomic identification.
Whole Genome Sequencing
Genomic DNA (5 μg) was sheared mechanically to 8 kb fragments using the Hydroshear system (Digilab, USA). The SMRTbell library was created by ligating universal hairpin adaptors to both ends of DNA molecules [31] using DNA Template Prep kit 2.0 (3-10 kb) for SMRT sequencing (Pacific Bioscience, USA). Libraries were purified using the AMPure XP bead purification system (Beckman Coulter, USA) to remove small fragments. The size distribution of the sheared DNA template was characterized using an Agilent 12000 DNA kit (Applied Biosystems, USA), and the concentration was measured using Qubit (Invitrogen, USA). Sequencing primers were annealed to the templates at a final concentration of 5 nM template DNA, and annealed templates were bound to DNA polymerase enzyme C2 using DNA/Polymerase Binding kit P4 (Pacific Bioscience) according to the manufacturer's instructions. MagBeads-bound complexes were prepared using the MagBead Kit (Pacific Bioscience) to obtain a greater number of reads per SMRT cell. The polymerase-SMRTbell-adaptor complex was loaded onto zero-mode waveguides as per the manufacturer's instructions. The SMRTbell library was sequenced using two SMRT cells using the DNA Sequencing Reagent 2.0 kit (Pacific Bioscience). To achieve long read lengths, long (1 × 120 min) movies were captured for each SMRT cell.
Genome Annotation
Overall genome sequencing information is summarized in Table 1 . De novo assembly was performed using the SMRT portal system [32] . Reads were assembled using HGAP assembly-3 algorithm with the default option, with the exception of the genome size parameter (3 Mb). PacBio RS sequencing errors [33] were removed using error-correcting algorithms for PacBio reads by making a consensus sequence. The polishing assembly process was repeatedly performed to significantly reduce the remaining base errors, including indels, in the draft assembly. The genome sequences were assembled into contigs using the PacBio RS II sequencing system. BLAST and MUMmer analyses were used to define the orientation and direction of the assembled sequence by comparing with known reference genomes [34] . The contigs were translated and curated manually using BioEdit [35] based on the alignment results. The Rapid Annotation using Subsystem Technology (RAST) server was used for open reading frames (ORFs) annotation, and tRNA and rRNA prediction. Subsequently, the SEED viewer [36] was used for the subsystem functional categorization of the predicted ORFs and for visualization of the results [37] . Cluster of Orthologous Groups (COG) annotation was conducted using WebMGA (web server for fast Metagenomic Sequence Analysis) [38] . A circular genome map was generated using DNAPlotter [39] based on the information provided by the genome annotation. Average nucleotide identity (ANI) values were calculated using JSpecies [40] . Additionally, two phylogenetic trees were built using the ANI value and 16S rRNA sequence of Y. enterocolitica strain FORC_002.
Comparative Genomics
All complete genome sequences of Y. enterocolitica strains were obtained from the NCBI Genome database (http://www.ncbi. nlm.nih.gov/genome/genomes/1041) and their ANI value was calculated using the unweighted pair group method. ANI was calculated between two genomes, where the query genome was spliced into 1,020 nucleotide fragments, each of which was blasted against the subject genome [40] . ANI was defined as the mean identity of all BLASTN matches showing more than 30% sequence identity over regions aligned on at least 70% of their length [40] . To identify the closest genome sequences, the genome tree was constructed using R software [41] based on ANI values. The genomic islands (GIs) were identified using the SIGI-HMM algorithm in Colombo ver. 3.8 [42] . The genome properties of strain FORC_002 were compared with published genomes of strains 8081, 105.5R, Y11, WA, 2516-87, and LC20. The 16S rRNA gene sequence of strain FORC_002 was compared with those of other Yersinia type strains to reveal their evolutionary relationships.
Nucleotide Sequence Accession Number
The complete genome sequence of Y. enterocolitica FORC_002 has been deposited in GenBank under the accession numbers CP011118 (chromosome) and CP011119 (plasmid).
Results and Discussion
Classification and Features
Y. enterocolitica FORC_002 is a gram-negative rod or coccobacillus of 0.5-0.8 × 1.0-2.0 μm in size (Fig. 1) . It is a facultative anaerobe and asporogenous, and belongs to the family Enterobacteriaceae [43] . It grows at 4ºC but not at 37ºC (optimum temperature 22-29ºC). The organisms are visible after 24 h or 48 h, non-lactose fermenting, circular, and smooth, and show translucent and glistening colonies with an entire edge [43] . As a nitrate reducer, the strain acquires energy by performing anaerobic respiration and using nitrate as its electron acceptor [44] . The strain is known to carry out glycolysis and glycogen metabolism, and has the ability to ferment glucose, sucrose, mannitol, arabinose, xylose, and maltose, but fails to ferment lactose and raffinose [44] . The physiological features of strain FORC_002 are shown in Table 2 . It is susceptible to chloramphenicol, fluoroquinolone, gentamicin, and tetracycline [15] , but resistant to penicillin and cephalosporin [45] .
Phylogenetic trees were constructed based on the nucleotide sequences of 16S rRNA genes. The 16S rRNA sequence of strain Y. enterocolitica FORC_002 was compared with those of other Yersinia type strains (Fig. 2) . Comparative 
Genome Properties
The complete genome of Y. enterocolitica FORC_002 contains a single circular DNA chromosome of 4,735,535 bp with a GC content of 47.1% (Fig. 3A) and a pYV virulence plasmid. The whole genome comprises a total of 4,131 predicted ORFs, 81 tRNA genes, and 26 rRNA genes (Table 3) . Among the predicted ORFs, almost one-fourth of genes (22%) were annotated as hypothetical or uncharacterized genes (890 ORFs), and the majority of the remaining genes (78%) were assigned as functional genes (3,241 ORFs). Analysis of COG functional categorization predicted that 3,653 COGs (81%) encoded known functional proteins, whereas 837 COGs (19%) were of unknown function.
The plasmid pFORC2 (Fig. 3B) consists of 101,782 bp with a GC content of 42.8% and a total of 105 predicted ORFs. Among the predicted ORFs, almost 48 ORFs (46%) were annotated as hypothetical genes, and the remaining 57 ORFs (54%) were assigned as functional genes. The virulence plasmid pYV encodes many virulence genes (ssa, lcr, virF, Grx2, and arsA) essential for defense against the host and resistance to heavy metals. The gene expression of glutaredoxin 2 (FORC2_p040, Grx2) is essential for antioxidant defense [46] , cation transporter (FORC2_p008) and arsenical pump-driving ATPase (FORC2_p058, arsA) for resistance to heavy metals and antimonials [47] , and type III secretion thermoregulatory protein (FORC2_3782, Fig. 2 . Phylogenetic tree based on 16S rRNA sequences.
Tree highlighting the position of Y. enterocolitica FORC_002 as being related to other type strains within the genus Yersinia. The tree uses sequences aligned by ClustalW, uses the Jukes-Cantor corrected distance model to construct a distance matrix based on alignment model positions without the use of alignment inserts, and uses a minimum comparable position of 200. Phylogenetic analyses were performed using MEGA6 [58] . The building of the tree also involves a bootstrapping process repeated 1,000 times to generate a majority consensus tree. The cells were negatively stained with 2.0% uranyl acetate (UA) for one minute. It was observed using the JEM-2100 TEM (Jeol, Japan) at 200 kV. virF) for transcriptional activation [48] . There are transposase enzymes (tnpA, FORC2_p099 to p100, FORC_p010 to p011) in pFORC2. These enzymes have similar function as the chromosomal secretion genes (FORC2_3765 to 3780, ssa and lcr) that exist in chromosomes [23] .
Identification of Genomic Islands
The pathogenicity of Yersinia is determined by a number of VFs that are encoded by genes either of the bacterial chromosome or the pYV plasmid [17] . The majority of the VFs of Y. enterocolitica were also present (Ail, Inv, Yst, TTSS, Yops, siderophore receptor, and RTX toxins) in the genome of strain FORC_002 and corresponded with its identity as a pathogen [49] . The GIs were identified in the genome of strain FORC_002, which includes a novel TTSS, Yersinia secretion apparatus (Ysa), an ATP binding transporter system, an insecticidal toxin complex (TC) cluster, an RTX toxin cluster, a colicin E6 immunity protein cluster, a flagellum gene cluster, a respiration control protein (arcA), and six prophage-related genes. The genome also has putative VFs such as novel TTSS, RTX-like toxin, and Yst (heat labile enterotoxin) in genomic pathogenicity islands, and this suggests that strain FORC_002 regulates host gene expression during infection in humans and animals.
The FORC_002 strain possesses a TTSS (FORC2_00975 to FORC2_01120), which plays a major role in pathogenesis by colonization of gastrointestinal tissue during the earliest stages of infection [50] , translocation of virulence effectors into host cells [23] , modulation of host cellular processes, and promotion of disease development [24] . TTSS and its effectors specifically regulate host gene expression, particularly resistance/susceptibility-related genes (suppression of host defenses).
The FORC_002 strain consists of common VFs such as adhesins (Myf/PH6 antigen, biofilm adhesion polysaccharide, type I fimbriae, and type IV pili), which are responsible for binding to the host cell surface, and other important VFs, Inv and Ail (FORC2_2544 and FORC2_2815) , play a key role in the early phase of intestinal infection [51] . The VF invasin helps the bacteria enter the host cell by binding to β1 integrins apically expressed on M-like cells, which are located in the follicle-associated epithelium of Peyer's patches [52] . The VFs Yst and RTX toxins are responsible for killing host cells (necrosis) [53] . Interestingly, strain FORC_002 possesses the plasmid-encoded Ssa TTSS (Yersinia secretion, ssaU, ssaS, ssaR, ssaQ, ssaV, ssaJ, ssaH, ssaG, ssaJ, FORC2_3765 to FORC2_3780), which plays an essential role in disease development by delivering virulence effectors into host cells. Additionally, the ABC transporter VFs (HlyD/MFP family, ATP binding) are responsible for pathogenesis by transporting dispersin out of the bacterial cell [54] , the toxin complex proteins (TcbA) for insecticidal activity [55] , and the flagellum gene cluster encoding Flg (FORC2_2530 to FORC2_2543), Flh (FORC2_2545 to FORC2_2547), and Fli (FORC2_2503 to FORC2_2529) for flagellar assembly and chemotaxis. Finally, the invasion proteins (Inv, FORC2_2544 and Ail, FORC2_2815 for immune evasion) [19, 20] , outer membrane proteins (Yops, FORC2_0874 for phagocytosis resistance) [56] , and an autotransporter adhesin protein (YadA, FORC2_1438 for complement resistance) [25] play an important role in protection against the host innate and adaptive immune system.
The genome sequence of FORC_002 provides fundamental information for further studies on TTSS and effectors that control host specificity, and for genetic engineering using TTSS effectors in host-microbe interaction. In addition, the detection and characterization of VFs would be useful to provide information for epidemiological survey and for development of new biomarkers for rapid detection of this pathogen in foods.
Comparative Genome Analysis
Phylogenetic trees suggested that all foodborne strains of Y. enterocolitica are unique, highly similar, and evolved from a common ancestor. Another phylogenetic tree was constructed based on the ANI value to compare the complete (Fig. 4) , and the lowest identity with LC20 (85.95%). Other Y. enterocolitica strains showed an ANI value of 95.77% (strain 105.5R), 95.76% (strain 2516-87), and 95.69% (strain Y11), respectively. The chromosome of strain FORC_002 (4.74 Mb) was about 120 kb bigger than that of strain 8081 (4.62 Mb). There was no significant difference in amino acid composition between the two strains. The GIs of the two strains were compared, and the insecticidal toxin complex cluster was found to be absent from the 8081 genome. Most of the virulence determinants were present in the genome of both the FORC_002 and other Y. enterocolitica strains. In addition, clustered regularly interspaced short palindromic repeats (CRISPR) were determined by CRISPRfinder [57] and insertion sequence (IS) elements by ISfinder (http://wwwis.biotoul.fr/). A comparison of the genome properties of strain FORC_002 with other strains of Y. enterocolitica is shown in Table 4 . Fig. 4 . Phylogenetic tree based on the average nucleotide identity value.
The tree was constructed using R program [41] . 
